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ABSTRACT
Over the last century, millions of hectares of wetlands have been lost due to urban
development and agricultural activities throughout the world. In the U.S., efforts have been made
by federal and state legislation to restore wetland habitat in exchange for development on
wetlands. To restore ecosystem function by reestablishing hydrological metrics (e.g.,
groundwater level fluctuations), wetland restoration aims to facilitate the growth of wetland
vegetation to approximate the original conditions as a proxy for ecological integrity. In 1992, the
first landscape-scale off-site mitigation project, the Disney Wilderness Preserve (DWP) was
funded by the Walt Disney Company in Poinciana, Florida. My objective was to use digitized
land cover categories based on aerial photography (1941-2019) and 35 years of Landsat satellite
imagery (1985-2019) to analyze landscape and spectral properties of DWP to better understand
the trajectories of bayhead, cypress, and marsh wetland types before and after the ecohydrological enhancement. After the enhancement, the areal extent of cypress and mixed
hardwood swamps and marsh lands slightly increased, while the area of the bayhead swamps
slightly decreased. From the spectral trajectory analyses, the initial responses to the enhancement
varied among wetland communities and more overall variability among patches was observed
through the post-enhancement periods compared to pre-enhancement periods. Post-enhancement
trajectories returned to similar levels to pre-enhancement for the majority of the wetlands. This
study illustrates the opportunities and challenges associated with monitoring complex wetlands
systems for future planning and adaptive management by conservation managers and scientists.
Keywords: freshwater wetland, spatial analysis, restoration, Landsat, Google Earth Engine
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“Examine each question in terms of what is ethically and aesthetically right, as well as what is
economically expedient. A thing is right when it tends to preserve the integrity, stability and
beauty of the biotic community. It is wrong when it tends otherwise.”
― Aldo Leopold
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CHAPTER ONE: INTRODUCTION
Wetland ecosystems are among the world’s most valuable and productive ecosystems,
but have been increasingly threatened (Allan et al., 2013; Costanza et al., 1997; Zedler, 2003).
Increasing population pressures on agricultural expansion and urban development in wetland
areas (Mitsch & Gosselink, 2000; Zedler & Kercher, 2005) are becoming compounded by the
emergence of global climate change related impacts (Erwin, 2009). Estimates suggest that since
1990, the total area of wetlands has been reduced by 50% with tropical and subtropical wetlands
being the main targets since the 1950s (Finlayson et al., 1999). This wetland habitat loss,
degradation, and fragmentation threatens biodiversity and ecosystem functions worldwide and
has made ecological restoration a primary focus of conservation efforts in terrestrial and aquatic
environments (Millenium Ecosystem Assessment, 2010).
Wetlands represent a diverse group of vegetative communities, including but not limited
to a variety of habitats such as marshes, swamps, fens, bogs, peatlands, prairie potholes, vernal
pools, estuarine and coastal marshes (e.g., salt marshes, tidal flats, seagrass beds) that can be
found in a variety of climatic and hydrologic settings. In general, wetlands are situated in the
floodplain between aquatic (e.g. lakes, rivers, streams) and dry upland habitat, are permanently
or seasonally saturated with water, and contain hydrophytic vegetation, hydric soils, and wetland
hydrology (Carter et al., 1994; Davis et al., 1996; Holland, 1996). Wetlands provide habitat for
native flora and fauna, store floodwater, replenish groundwater, filter impurities, catch nutrients
and sediments, stabilize shorelines, and sequester carbon. While only covering about 6% of the
global land surface, wetlands hold about 12% of the global carbon pool (Ferrati et al., 2005;
IPCC, 1996; Report & Melack, 1996). They also provide socio-economic benefits such as

economically important fisheries, recreational opportunities (e.g., boating, fishing, hunting),
reeds or wood harvesting, and grazing (Mitsch & Gosselink, 2015). However, wetlands have
been managed or surrounded by other land uses that can impact their hydrology such as diverted
water, nutrient enrichment, eutrophication, decreases in water clarity, toxic spills, and pollutants.
Federal, state, and local agencies have made efforts to protect current intact wetlands, restore
wetlands, and improve degraded or stressed wetlands (Mitsch & Gosselink, 2015).

1.1 Wetland Mitigation
Large-scale wetland restoration programs began in the early 1970s when the U.S. Army
Corps of Engineers studied dredged material for habitat creation. A “no net loss” approach was
crafted when the Water Pollution Control Act of 1972, also known as the Clean Water Act
Section 404 was adopted. Wetlands could be legally destroyed, but their loss must be
compensated for by the restoration, creation, or enhancement of other wetlands. The Warren S.
Henderson Wetlands Protection Act of 1984 gives responsibility of permitting and maintaining
Florida’s wetlands to the Florida Department of Environmental Protection (FDEP) (Carter et al.,
1994; Davis et al., 1996; Kentula et al., 1992). The FDEP oversees mitigation wetland projects
and in the field of restoration, mitigation generally "refers to the restoration, creation, or
enhancement of wetlands to compensate for permitted wetland losses" (Lewis, 1989).
Restoring a wetland usually involves re-establishing the hydrological regime; this may
include removing vegetation, filling ditches, grading topography, and making other physical
changes that impact water levels and drainage patterns. There is much variability in restoration
outcomes (Berkowitz, 2013; Matthews et al., 2009) and the results can be highly context
dependent (Meli et al., 2014). Post implementation restoration monitoring is vital to evaluating
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success, to understand the ecosystem trajectories, and to extract lessons learned for future
applications of wetland restoration monitoring and mapping (Deluca et al., 2010; Hooper et al.,
2016).

1.2 Restoration, Enhancement, and Creation
According to the Society of Ecological Restoration (SER), ecological restoration is the
assisted recovery of an ecosystem that has been degraded, damaged, or destroyed towards a
desired state or ecological condition (Society of Ecological Restoration International, 2004). It
has also been defined more specifically in terms of returning an ecosystem to a close
approximation of its condition prior to disturbance by the National Research Council’s 1992
report, “Restoration of Aquatic Ecosystems.” This also includes the process of assisting the
recovery and management of ecological integrity. Ecological integrity includes the critical range
of variability in biodiversity, ecological processes and structures within regional and historical
context, and sustainable cultural practices. Restoration in practice can look very different from
project to project, so it is helpful to define restoration by the type of restoration related activity. It
can refer to multiple levels of alteration and intended outcomes, sometimes referred to as
enhancement (or reclamation/rehabilitation), creation, or restoration.
Active restoration activities through enhancement, rehabilitation, and ultimately
restoration aims to transition to a state resembling the original ecosystem. Sometimes vegetative
restoration simply focuses on reestablishment of plant cover, while rehabilitation emphasizes the
improvement of the ecosystem functions without necessarily aiming for the original predisturbance species composition (Burton & Macdonald, 2011; van Andel et al., 2012). Although
the function and complexity of a restored wetland tends to increase over time, there are many
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factors which could have influenced it if it declines, stays the same, or reaches an alternative
state with less functionality and complexity than the original state (Hobbs & Mooney, 1993).
Finally, enhancement or reclamation is rehabilitating severely degraded sites, usually for human
use such as recreation and water filtration.

1.3 Responses to Restoration
It has been hypothesized that a degraded ecosystem, if left alone, may either selfregenerate, further degrade, or stabilize. Hypothetical models of restoration site trajectories
suggest that restoration activities are needed to achieve rapid ecosystem development to return to
a similar level of complexity and function of the original ecosystem (Hobbs & Mooney, 1993). If
a system further degrades until a critical transition point, studies about ecosystem resilience
found that the critical slowing down and increasing variability were early-warning indicators
before the critical change in the complex system was complete (Scheffer et al., 2012).
Diverse wetland ecosystem properties may respond to the restoration actions differently.
Since not every project will have the expected result, it is important to also study projects that
fall short of restoration goals (Brudvig et al., 2017; Van den Bosch & Matthews, 2017). For
example, a completed restoration project resulted in 26% loss in structure like plant assemblages
and 23% loss in biogeochemical functioning like carbon storage which is important for climate
change(Moreno-Mateos et al., 2012a). This suggests that it is important to investigate more
details about the specific wetland system context and restoration activities applied. Recovery
may relate to wetland type. Generally, depressional wetlands recover more slowly than riverine
or tidal wetlands, wetlands in temperate or tropical climates recover more rapidly than those in
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cold climates, and larger more intact wetlands tend to recover more quickly than smaller isolated
wetlands (Moreno-Mateos et al., 2012b).
Some ecosystem properties may respond to specific restoration actions in different ways.
It is helpful to understand the possible dynamics that could be influenced by management actions
and factors related to the specific ecosystem. A deterministic trajectory model based on
succession and passive restoration, for example like from Wallace et al., conceptualizes the
trajectory of an ecosystem property over time in separate successful or unsuccessful trajectories
that follow different rapid, linear, threshold, lag, or failed responses (2017). There are many
assumptions about the ecosystem’s recovery in this model that do not often fit the variability of
ecosystems that have been degraded and may have new pressures such as invasive species. An
alternate model based on active management characterizes the trajectory with a series of
thresholds that determine if a site changes to another semi-stable state (Hobbs & Norton, 1996).
However, if the restoration activities are not sufficient to push the site beyond a certain level, it
can return to a similar degraded state as before. Both models will not fit every restoration site
and the specific ecosystem property being monitored. It is important to remember that restoration
sites can both move toward similar and different goals and progress towards the goal or diverge
away from the goals (Figure 1). It is important to consider the restoration objectives, the
degradation of the site and surrounding landscape, and the possible stable states of that
ecosystem type (Matthews & Spyreas, 2010). Also when a vegetation growth-related ecosystem
property is studied over time, it can be followed by periods of decline, stabilization or recovery
in multiple combinations. Not to mention that an ecosystem’s phenological duration and
magnitude could be influenced by other factors including climate change and local factors
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(Cohen et al., 2010; Matthews & Spyreas, 2010; Montoya et al., 2012; Taddeo & Dronova,
2018).
Different

Similar
B

E

Towards goal

A

Away from goal

Disturbance
& Decline

C

D

Decline

Disturbance
&
Stabilization

Stability

Disturbance
& Recovery

Recovery

Figure 1. At restoration sites (white leaves) which have targets (green leaves), the sites can (a)
move toward and become more like the similar targets, (b) can move toward goals, but toward
different targets, (c) can move towards a similar point that is away than the targets, and (d) can
move in disparate directions all away from the goal. However, if inspecting a single seasonal
ecosystem property over time, (e) when an ecosystem is disturbed it can be followed by periods
of decline, stability, or recovery in this simplified example.
1.4 Factors affecting responses
Ecosystem recovery can also be affected by abiotic, biotic, and anthropogenic factors.
•

Abiotic factors such as hydrology and climate (Meli et al., 2014; Moreno-Mateos et al.,
2012b), can impact recovery with climate conditions and hydrology supporting or
hindering the regrowth of the plant community. For wetlands connected by water, an
increase in water can alter the water chemistry by transporting pollutants or nutrients into
the system or by transporting non-native species especially in urban areas (Ehrenfeld et
al., 1993). However, also changing climate conditions and oscillations such as El Niño/La
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Niña which have periodic impacts may bring adverse growing conditions e.g., droughts
and fires.
•

Biotic factors such as community assemblages and biological invasions (Suding, 2011;
Verdu et al., 2012) often vary among wetland types and some ecosystems may be more
susceptible to invasive species disturbance than others. Matthews and Spyreas (2010)
observed five to eleven years after restoration, a homogenization of species composition
due to invasive species.

•

Anthropogenic factors such as intensity of anthropogenic impacts and the restoration
technique effectiveness often impact recovery rates (Suding, 2011). There are many sitespecific historical impacts, i.e., land use legacies that may affect the time to recovery and
the ability to meet a fixed restoration target.

Beyond environmental factors that may influence an ecosystem’s recovery, the specific
management activities applied, and methods used to study it post-restoration influence what we
know about its success. For example, short-term management decisions and three-to-five year
monitoring requirements by regulatory agencies do not fit well with many indicators of a
successful long-term recovery such as the establishment of native species (Matthews et al.,
2009). The time range that a degraded ecosystem requires to recover is largely unknown, but for
forested wetlands it is estimated to be many decades (Curran et al., 2014; Jones & Schmitz,
2009; Moreno-Mateos et al., 2012b). It is often easier to evaluate structure than function, and
thus it might take longer for ecosystem services than the community structure to reappear
(Grayson et al., 2006).
The lack of long-term data (patterns, trends, variability in responses, variability in wetland
characteristics) makes it difficult to assess recovery or compensatory mitigation success over the
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short regulatory timeframes and may rely more on a limited amount of rapidly available metrics
(Simenstad & Thom, 1996). Therefore, the consequences of efforts made by federal, state, and
local agencies to invest in protecting existing wetlands, restoring lost wetlands, and improving
those stressed by anthropogenic disturbances are not well understood (Mitsch & Gosselink,
2015). Given the fact that many restorations were implemented within the past few decades
(Bullock et al., 2011; Suding, 2011), our understanding of the mechanisms behind the complex
processes involved is slowly developing (Matthews et al., 2009). In part, this is due to the lack of
long-term monitoring and the relatively recent time period of restoration case studies.

1.5 Knowledge gaps with wetland restoration monitoring
Rapid population growth and equally rapid development has mirrored the increase in
wetland mitigation projects and sites in states such as Florida. As mentioned earlier, MorenoMateos et al. (2012) found that size, connectivity, type, and climate matter. Therefore, Florida’s
smaller isolated depressional wetlands and their recovery trajectory is worth investigating as
compared to larger connected riverine or tidal wetlands which have received more focused
research (Russell et al., 2002). Also after developing the restoration or enhancement criteria and
the physical work is finished, a thorough monitoring plan is important to track progress and to
act accordingly (Zedler, 2000).
First, the types of habitats and their distribution throughout the landscape have an impact
on the functioning of ecological processes independently and interactively. Matthews (2015)
found evidence that landscape composition had an effect on post restoration trajectories for 54
restored wetlands in Illinois. Furthermore, depending on the size and heterogeneity of an
ecosystem the patterns visible in an individual habitat type or patch may be different than among
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other patches of the same type than the overall landscape pattern. These floodplain isolated
depressional wetlands typically exist in a mosaic of other diverse habitat types related to their
respective soil, topography, microclimate, water availability that may elucidate patterns in how
these ecosystems respond to restoration activities.
Second, most monitoring studies focus solely on wetland conversion, which limits our
understanding and ability to respond to the many wetlands that have not been completely
converted but have been degraded over many years and are not able to function. Also, the
duration, frequency, and measures of a restoration project and ecosystem response that is studied
is important. Most compensatory mitigation wetlands are monitored for a short mandatory
period, report annually, and measure different metrics across projects. Since the recovery time of
metrics can differ widely depending on the time frame or the frequency of pre/post monitoring, a
trajectory-based approach for assessment may be a better fit for characterizing and comparing
across sites. Considering the uncertainties and other sources of error, adopting post-restoration
trajectories allows for more comparability and insights along the restoration process as compared
to a fixed goal state (Hobbs et al., 2014; Jackson & Hobbs, 2009; Simenstad et al., 2006). It may
also help bring to light local impacts and techniques that did not work as expected especially in
the context of these isolated wetlands in a subtropical climate and surrounded by increasing
development in Florida (Suding, 2011).
A cost-effective tool for monitoring wetlands across broad scales includes remote sensing
(Coppin et al., 2004; Mayer & Lopez, 2011; Melesse et al., 2007). Past approaches have used
aerial photography, multispectral and hyperspectral sensors, light detection and ranging (lidar),
synthetic aperture radar (SAR), interferometric SAR (InSAR), and other microwave systems
(Gallant, 2015). Aerial photography typically has a higher spatial resolution which is useful for
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seeing details, but requires time, experience, and often lacks repeat years and areal extent.
Multispectral sensors, and in particular Landsat satellite missions, have coarser resolution, but
have been used because of their temporal resolution, wide coverage, and availability.
Multispectral satellite archives such as Landsat provide an option for studying wetland
mitigation projects that have already been completed for a longer period afterward.
Often disturbances such as nearby urbanization, silviculture, agriculture, grazing,
invasive species will impact the wetland function, so it is important to study the disturbance and
recovery trajectories in order to adaptively conserve, restore, or manage wetlands for the future
(Zedler, 1996). The objective of this study is to evaluate the trajectories of isolated freshwater
depressional wetlands that have had the hydrology restored through exploring the multi-scale
changes in the landscape metrics and spectral dynamics using multispectral remote sensing.
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CHAPTER TWO: MATERIALS AND METHODS
2.1 Study Area and Restoration History
In late 1992, in exchange for destruction of wetlands for development by the Walt Disney
Company, the first large-scale, off-site mitigation project, named the Disney Wilderness Preserve
(DWP), was formed by The Nature Conservancy (TNC), The Walt Disney Company, and
environmental regulatory agencies (FDEP, SFWMD, USACOE). This was one of the first
collaborations that aimed to protect wetlands, listed species, and the ecosystem as a connected
unit off-site as compared to traditional mitigation projects. In the early 1990s, the Walt Disney
Company’s substantial future 20-year development plans required mitigation. To avoid
traditional on-site mitigation, which meant excavating upland habitat to create wetlands which
had little ecological benefit and occupied valuable land that could be developed, they proposed
restoring wetlands at DWP. Regulatory agencies, such as the Florida Department of
Environmental Regulation, were adopting the idea of ecosystem management and attempting to
address the failures of a majority of other on-site mitigation projects in the state not functioning
as permitted and 34 percent that had never even been created (Gatewood, 1995). In agreement
with wetland regulatory agencies including Florida Department of Environmental Protection
(FDEP), South Florida Water Management District (SFWMD), and U.S. Army Corps of
Engineers (USACOE) Walker Ranch (around 8,500 ha) was purchased for mitigation by The
Walt Disney Company and additional adjacent tracts were purchased by other applicants such as
the Greater Orlando Aviation Authority (GOAA) (Gatewood, 1995). TNC was chosen as a third
party between the company and regulators to manage the preserve.
The DWP is a 12,500 ha preserve that is the host to upland restoration and wetland
enhancement projects managed by TNC. Located 15 miles south of Walt Disney World near
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Poinciana, FL, DWP is centered at the headwaters of two of the most extensive freshwater
wetland restoration projects of the 20th- 21st century, the Kissimmee River and the Everglades
(Koebel Jr., 1995; LosChiavo et al., 2013). DWP is a link in the chain of preserves buffering the
floodplain that eventually empties out into Florida Bay. It straddles the border of Polk and
Osceola counties (Figure 2). DWP sits between Lake Russell to the north, Reedy Creek to the
east, and Lake Hatchineha to the south. Its north west side borders dense suburban development
and its east side borders land managed by agencies such as the SFWMD. The south west side
which was originally planned to become developed is becoming another mitigation site. Similar
to DWP’s important location in the watershed leading to the Everglades is its role as a
monitoring site for the southeast ecological region in the National Ecological Observatory
Network (NEON). Since NEON is a long-term ecological observational study with many other
sites intended to continue for 30 years, data collected could be valuable for following the
progress of the restoration and comparing with other areas where wetlands are being studied for
years to come.
In the 1940s and 1950s the site, the majority of which was known as Walker Ranch, was
diked and ditched to control the water levels for agricultural and cattle ranching which changed
the hydrology across the property. Some wetlands communities were converted to upland while
others became degraded when their hydrological regime and subsequently composition changed
(Gatewood, 1995). For the working ranch, fires were conducted in the dormant season to
enhance spring grazing and control brush which is different from the natural summer fires
resulting from lightning strikes.
Historically, before the site was designated a mitigation site, the landscape was a mosaic
of upland and wetland habitats. DWP supports a variety of wetlands, including bayhead swamps,
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cypress forests, marsh communities, wet prairie, floodplain swamp, and mixed hardwood
swamps located in depressions at the transition between aquatic and terrestrial
environments(Haag & Lee, 2009). Prior to restoration, DWP was covered by about 1,995 ha of
mesic flatwoods which include Pinus palustris (longleaf pine flatwoods) and Pinus elliottii (slash
pine) flatwoods on flat sandy soils (TNC, 1992). About 81 hectares of mesic hammocks which
consist of Quercus virginiana (live oak), Quercus hemisphaerica (laurel oak), Carya glabra
(pignut hickory), Pinus palustris (longleaf pine), Pinus elliottii (slash pine), and Sabal palmetto
(cabbage palm). Hydric communities include wet prairies, cypress swamps, bayhead swamps,
mixed floodplain forests, and freshwater marshes (TNC, 1992). Typically for these wetlands,
rainfall and groundwater seepage act as sources of water, saturating the soil and creating
standing water sometimes for more than six months in a year. Cypress domes are usually formed
in topographic depressions and dominated by Taxodium distichum (bald cypress). Bayhead
swamps also form in similar depressions, but in general have a steeper mineral soil slope topped
with more organic matter with Magnolia virginiana (sweetbay magnolia) among other bay trees
(Monk, 1968). Marsh communities are dominated by grasses such as Sagittaria sp. (duck
potato), sedges such as Eleocharis sp.(spikerushes), and floating aquatic plants such as Nymphea
sp. (water lily) with few woody species. Mixed hardwood swamps are a closed-canopy habitat
often characterized by flood tolerant hardwood trees such as Nyssa sylvatica (black gum), Nyssa
aquatica (water tupelo), and conifer species such as Taxodium distichum (bald cypress) and may
also contain Sabal palmetto (cabbage palm).
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Figure 2. Patches of bayhead, cypress, marsh and mixed hardwood swamp wetlands in an
upland mosaic (Source: SFWMD 1999). The selected 14 hydrologic units represent the study
sites for the spectral analysis
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The mitigation management mission to protect and enhance its ecological integrity in
perpetuity included among its ten goals to “restore or rehabilitate original wetlands,
wetland/upland ecotones and natural hydroperiod” (TNC, 1992) through increases in water level,
hydroperiod, and water level fluctuations. Hydroperiod is defined as the length of time each year
that a location has water above the ground surface; the success criteria were centered on
increasing the hydroperiod to the approved regime (Gatewood, 1995). Restoration activities
focused on eight upland units (i.e., pine-flatwoods and scrub restoration) and 24 hydrological
units (i.e., cypress domes, marsh, bayhead enhancements), and included vegetation monitoring
for five years and the re-establishment of a prescribed fire program (Appendix A). The preserve
is managed by growing season prescribed burns every 2 to 3 years, controlling invasive species,
and monitoring endangered species (Appendix A).
The hydrological enhancements to the selected hydrologic units (cypress domes,
bayhead, and marshes) mainly involved plugging and back-filling the large ditches running from
and through the wetlands. A plug is constructed of clean fill with minimal organic material
included in a 15m to 30m long plug. Traditionally these were placed where the ditch exits the
wetland and the fill is compacted to a certain density until it is approximately one foot above the
existing grade. Back-filling refers to moving the fill material found in the spoil piles along the
old ditch back into the ditch to bring it up to the existing grade. Pine trees and woody vegetation
were often chipped. “Chipping” involves heavy machinery with a spinning drum with two inch
teeth that grinds vegetation into mulch left on the ground (TNC, 1992).
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Figure 3. All hydrologic units, ditches, roads, vegetation monitoring transects (Source: TNC).
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The hydrological enhancements were conducted in three phases (Table 1). Starting in
1993, Phase I focused on marshes in HU 8 and HU 11 and the forested bayhead and cypress
swamps of HU 2 and HU 3. Preliminary ecological data were collected and a SFWMD study on
the effects of drainage ditches on floodplain wetlands was conducted before Phase II began on
HUs 1,4,6 in 1995 and HU 7 began in 1996 (Appendix A). Phase III focused on HU 10. Other
hydrologic units that were enhanced by other tracts added to Walker Ranch included the HU 21
and HU 31 cypress domes and the HU 5 bayhead.
As part of the restoration hydrological monitoring, several isolated depressional marshes
(named 2/7, 22/4, 2/7, 21/3) and a mixed hardwood swamp (21/15) were chosen as adjacent
‘reference’ wetlands which were monitored in addition to the nearby wetlands which had ditches
filled (Figure 4).
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Figure 4. Adjacent wetlands which were monitored during the restoration (Source: TNC)
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2.2 Landscape Level Analysis
2.2.1 Aerial Imagery Acquisition
To investigate the wetland communities on a more detailed level, bayhead, cypress, and
marsh patches representing hydrologic units that were enhanced during the DWP restoration
were studied were studied. I segmented the individual wetland patches from pre- and postrestoration periods for further analysis. For a historical representation of the landscape, I
acquired publicly available high-resolution aerial imagery from the Agricultural Stabilization and
Conservation Service US Department of Agriculture (USDA) for 1941, 1951, and 1993. The
scale of these images is 1:25000. For a contemporary perspective on the landscape, I acquired
publicly available high-resolution orthorectified 2019 RGB imagery from the NEON repository
(NEON, 2019). This imagery was collected from NEON’s Aerial Observing Platform’s (AOP)
two Phase One iXU-RS1000 (100MP) digital aerial cameras, and one Phase One iXA (80MP)
camera. The resolution is between 6.6-10.0 cm at approximately 1000 meters above ground
level. The historical aerial imagery was georeferenced to be consistent with the contemporary
aerial imagery.
2.2.2 Derivation of Landscape Metrics
To understand some of the coarse spatial dynamics of the DWP system, an assessment of
the spatial properties was conducted for multiple time periods (1941, 1993, 2019) from the
digitized versions of the aerial images. In order to better understand these patterns landscape
spatial analysis quantifies these patterns using multiple metrics (Mita et al., 2007). Fragstats© by
McGarigal is a software program often used to explore landscape metrics ranging from area and
density to connectivity and diversity at multiple patch, class, and landscape scales (McGarigal et
al., 2012). An R package based on Fragstats metrics, named landscapemetrics, was also used
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(Hesselbarth et al., 2019) to create a reproducible workflow. Metrics often refer to three levels
starting from landscape (overall summary statistics in the surrounding landscape), then class
(collection of patches in the same land cover type), and then patch (contiguous raster cells of the
same land cover type). Metrics calculated at the landscape and class scale were the focus of the
analysis in this study to elucidate relationships among the preserve and wetland communities.
Additional R packages such as landscapetools were used for the workflow (Sciaini et al., 2018).
Understanding the spatial relationships among ecosystem elements helps us understand
the structure and function relationships across the landscape mosaic. After the individual wetland
patches segmented from aerial imagery were buffered and converted to raster images for
analysis. There are numerous metrics for quantifying the extent as well as the spatial
configuration and composition of patches in the landscape which will help us understand
changes in the landscape. The types of landscape metrics used for this study include Total Area
(hectares) the Perimeter Area Fractal Dimension shape index. The Perimeter Area Fractal
Dimension shape index, from 1 to 2, is a measure of the shape complexity that includes fractal
analysis which is useful for a wide variety of scales. The amount of edge to interior habitat is
linked to ecological impacts such as edge effects and microclimate changes.

2.3 Spectral Trajectory Analysis
2.3.1 Landsat Imagery Acquisition and Preprocessing
Landsat provides an invaluable archive of multispectral satellite imagery of our changing
planet covering over three decades. The missions used for this study include Landsat 5 which
carried the Thematic Mapper (TM) sensor from 1984 to 2012, Landsat 7 from 1999 to present
which carries the Enhanced Thematic Mapper Plus (ETM+) sensor, and the most recent Landsat
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8 from 2013 to present which carries the Operational Land Imager (OLI) and Thermal Imaging
Sensor (TIRS). These Earth observing satellites pass the same point on the earth every 16 days
which allows for long-term observational studies. Images covering DWP are located at
Worldwide Reference System (WRS) Path 16 and Row 40 or Analysis Ready Data (ARD) tile
26 horizonal and 17 vertical. Landsat captures multispectral images of 30 m spatial resolution
with sensors sensitive to multiple bands or range of wavelengths of the visible light spectrum
(e.g. blue, green, red) and non-visible spectrum including near-infrared (NIR), short-wave
infrared (SWIR), and thermal infrared (TIR) (Figure 3). Cloud cover permitting, the
multispectral images record surface reflectance representing values that fall within one of the
bands or wavelength ranges (Table 1).

Figure 5. Bandpass Wavelengths for all Landsat Sensors (Courtesy of the U.S. Geological
Survey 2021). The numbers represent the bands. The Landsat 5,7,and 8 sensors that were used in
this study are the three above the MSS sensor. The grey peaks represent the percent of
transmission of the wavelength bands through the atmosphere.

The Landsat 4-5 TM and Landsat 7 ETM+ bands such as band 1(blue) are useful for
distinguishing between soil and vegetation and deciduous from coniferous vegetation. Band 2
(green) is useful for assessing plant vigor. Band 3 (red) is useful for discriminating vegetation
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containing chlorophyll. Band 4 (NIR) is useful for biomass content. Band 5 (SWIR) is useful for
distinguishing between moisture content of soil and vegetation. As seen in Figure 5 and Table 1
Landsat 8 OLI bands were narrower and offset since another band that focuses on coastal
conditions was added as the first band. The useful applications described for Landsat TM/ETM+
also apply to Landsat OLI’s band 2 (blue), band 3 (green), band 4 (red), band 5 (NIR), and band
6 (SWIR).
Table 1. Satellite Band Wavelength Comparison Across Landsat sensors (Source: U.S.
Geological Survey)
Landsat 5 TM
Landsat 7 ETM+
Landsat 8 OLI
1985-2012

1999-present

2013-present

Band

Band

Wavelength

Band

Band

Wavelen

Band

Band

Wavelength

Index

Name

(m)

Index

Name

gth (m)

Index

Name

(m)

Band 1

Coastal

0.43-0.45

Band 1

Blue

0.45-0.52

Band 1

Blue

0.45-0.52

Band 2

Blue

0.45-0.51

Band 2

Green

0.52-0.60

Band 2

Green

0.52-0.60

Band 3

Green

0.53-0.59

Band 3

Red

0.63-0.69

Band 3

Red

0.63-0.69

Band 4

Red

0.64-0.67

Band 4

NIR

0.76-0.90

Band 4

NIR

0.77-0.90

Band 5

NIR

0.85-0.88

Band 5

SWIR 1

1.55-1.75

Band 5

SWIR1

1.55-1.75

Band 6

SWIR 1

1.57-1.65

Band 6

TIR

10.40-12.50

Band 6

TIR

2.09-2.36

Band 7

SWIR 2

2.11-2.29

Band 7

SWIR 2

2.08-2.35

Band 7

SWIR 2

0.52-0.90

Band 8

PAN

0.50-0.68

Band 8

PAN

Band 9

CIRRUS

1.36

Band 10

TIRS 1

10.60-11.19

Band 11

TIRS 2

The Landsat satellite collections were accessed directly from the Google Earth Engine
(GEE) cloud data repository using the wetland shapefiles derived from the aerial imagery in
2019. To prepare for analysis, an area of interest was created by buffering the previously
segmented patches so that the interior pixels would best represent the wetland vegetation and not
include mixed pixels that overlap with the surrounding edge habitat. Because the resolution of
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Landsat satellite imagery is 30m and the goal was to study the core patch area, wetlands with
width dimensions greater than 60m were internally buffered by 30m in order to minimize the
interference of edge effects and other non-wetland vegetation. Bayhead, cypress, and marsh had
patches large enough for the analysis. However, the mixed hardwood swamp patches were
excluded because of their narrow shape and the omission of some patches from post-restoration
TNC vegetation monitoring.
The preprocessing of the imagery followed the flowchart in Figure 6. All imagery was
atmospherically corrected to surface reflectance by the LEDAPS algorithm (Schmidt et al., 2013)
and included a per pixel cloud, shadow, water mask produced by the CFMASK algorithm (Foga
et al., 2017). The image collection was filtered by the area of interest boundaries, by the dates of
interest, by scenes with less than 20% clouds (using the “pixel_qa” band which contains
attributes for pixels with cloud contamination), and by the “GEOMETRIC_RMSE_MODEL”
band which represents the combined Root Mean Square Error (RMSE) of the geometric residuals
in order to use the quality images below 10% error.
To create a continuous Landsat record for analysis, the Landsat 5, 7, and 8 sensor spectral
values were harmonized by applying a linear transformation to TM/ETM+ and OLI spectral
space according to ordinary least squares (OLS) coefficients presented in Roy et al. (2016).
NDVI had a good fit (r2˃0.9, p-values˂ 0.0001) illustrating the utility of sensor spectral
transformation between TM/ETM+ and OLI or vice versa.
Using GEE’s JavaScript API and the LandTrendr algorithm resources, I processed the
Landsat satellite imagery in the wetland areas of interest over the years (Figure 6). The first step
of filtering was important for going through all the scenes and selecting ones in the correct
season and time period, without cloud contaminated pixels, and in the patch location. Since the
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sensors on these different satellite missions varied slightly and overlapped in operation partially,
a harmonic model was fit to the data to standardize the values so all scenes can be compared
accurately.

Filter Landsat 5,7,8 imagery (e.g. 1985-2019, clouds, area of interest)

Harmonize and merge imagery collections

Extract spectral values and calculate indices

Reduce (e.g., median) in the patch interior

Generate time series and fitted graphs
Figure 6. Methodological framework for processing satellite imagery and generating time series
analysis

The area of interest included the wetland patches directly enhanced by the hydrological
modifications to the ditches in tracts from Disney and other organizations plus a selection of
nearby patches (Table 2). Since HU 3 is comprised of two different wetland types, the northern
bayhead and the southern cypress were named HU 3-B and the HU 3-C, respectively, for this
study. A couple marshes located nearby were added to the analysis and renamed HU 2,3 M (also
named 2/7) and HU 3-M, respectively, based on their proximity to HU 2 and HU 3.
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Table 2. Study patches and associated phases and years of the wetland restoration
Year(s) of
Wetland
Hydrologic Unit
Area (ha)
Phase
enhancement
I
HU 2
38.57
1993-1996
I
HU 3-B
28.68
1993
Bay
Other
HU 5
138.91
~1997
II
HU 6
67.51
1997
35.34
9.10
81.24
28.82

1993
1997, 2000
1995
1996

Other
Other

HU 7

2.06

1997-1998

II

HU 8
HU 10
HU 11
HU 3-M
2/7 Marsh (HU 2,3 M)
21/3 Marsh
22/4 Marsh
34/8 Marsh

5.96
100.47
9.02
0.97
1.54
1.02
2.53
0.45

1993-1996
2000
2000
~1993
~1993-1996
~1995
~1997
~1996

I
III

Cypress

Marsh

Other
Marsh

I
II

HU 3-C
HU 4
HU 21
HU 31

I

Not directly enhanced

After extracting the spectral values of the interior pixels of the adequately sized patches
(Table 2), I also divided the data into growing season (summer) and non-growing season (winter)
to examine seasonal spectral differences. Since central Florida’s climate and precipitation varies
throughout the year and may impact plant growth, the annual minimum and maximum
temperature and precipitation values were examined to find the dates that would represent the
breadth of possible plant states. In GEE, a harmonic model was fit to the precipitation and
temperature changes to find the dates that represented the hottest and wettest time period and the
driest and coldest time period of year. According to the model, the wet summer or growing
season (June 20 to Aug 20) and the winter dry and dormant season (November 20 to January 20)
were selected.
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For each Landsat image in addition to its five spectral bands (blue, green, red, NIR,
SWIR), I calculated other indices which have been used to understand characteristics of plants
that may not be as apparent from one single band by itself. The Normalized Vegetation Index
(NDVI) is a widely-used ratio of red and NIR reflectance bands that has been related to different
vegetation characteristics such as biomass, plant vigor, leaf area index, and plan productivity
(Kidwell, 1990; Rouse et al., 1974) with standardized values ranging from -1 to 1. The greater
the index value, the greater the green color reflected into the sensor. In theory, healthy plants
have turgid cells which reflect NIR and have high chlorophyll concentrations which absorbs
more red (Jensen, 1996; Lillesand & Kiefer, 1994) so combining both red and NIR has a stronger
representation of plants turgidity and chlorophyll concentration. The NDVI formula is:
𝑁𝐷𝑉𝐼 =

𝑁𝐼𝑅 − 𝑅𝑒𝑑
𝑁𝐼𝑅 + 𝑅𝑒𝑑

with, NIR and red bands of atmospherically corrected surface reflectance values.
Similarly, the Landsat Tasseled Cap transformation is an orthogonal transformation into
three categories of indices of soil brightness (TCB), greenness for vegetation (TCG), and
wetness (TCW) for interactions of soil and canopy moisture (Kauth, 1976). The Tasseled Cap
transformation (Brightness, Greenness and Wetness bands) is named for the shape of the
principal component analysis compression of the spectral bands that has a triangular shape with a
small tassel at the top. The formula for calculating Tasseled Cap is:

𝑇𝑎𝑠𝑠𝑙𝑒𝑑 𝐶𝑎𝑝 𝐼𝑛𝑑𝑖𝑐𝑒𝑠 = 0.1509(Band 1 Blue) + 0.1973(Band 2 Green) + 0.3279(Band 3 Red) +
0.3406(Band 4 NIR) - 0.7112(Band 5 SWIRI) - 0.4572(Band 7 SWIRII)
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After the spectral values and indices were extracted from the images, to reduce noise and the
effect of outliers, the median was calculated from the pixel values of the core wetland areas
collected annually from the Landsat scenes in each season.

2.3.2 Non-Metric Dimensional Scaling Ordination Analysis
The satellite spectral timeseries from 1985 until 2019 for the landscape, communities,
and patches were used to quantify and illustrate the response of vegetation in wetland patches
pre- and post- enhancement in summer and winter seasons. Since the time period when the
enhancement activities took place differed between bayhead and cypress (1992-1996) compared
to marsh (1993-2000), two different timelines were created. For bayhead and cypress
communities the first time period (“Pre”) represents the time before the enhancement in 1985 to
1992. The second time period (“During”) represents the majority of the time when active
enhancement activities took place from 1993-1996. The time period after the majority of
enhancement activities were divided into three sections. The time period immediately after from
1997 to 2004 (“Post 1”), then 2005 to 2012 (“Post 2”), and finally from 2013 to 2019 (“Post 3”).
The lengths of post-enhancement time periods were 6-7 years to be roughly equivalent to the
Landsat acquisition period before the enhancement.
For the marsh community, the first time period (“Pre”) represents the time before the
enhancement in 1985 to 1992. The second time period (“During”) represents the majority of the
time when active enhancement activities took place from 1993-2000. The time period after the
majority of enhancement activities were divided into two sections. The time period immediately
after from 2001 to 2009 (“Post 1”) and then 2010 to 2019 (“Post 2”).
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Since wetland ecosystems can exhibit a variety of rapid vegetative or hydrologic changes
(Mitsch & Gosselink, 2000) that might not be detected when using one or two spectral bands in
isolation, it is advantageous to use a multivariate change detection analysis technique. To explore
how the patches changed over time and in relation to the spectral values, I used Non-Metric
Dimensional Scaling (NDMS) which is a distance-based ordination technique that maps the
trends in dissimilarities in a way that preserves the rank order in an easier to interpret twodimensional multivariate space (Leutner et al., 2012). The NMDS searches among the wetland
patches’ spectral band and index values using several random starts and standardizing the scaling
to produce the ordination graph which I evaluated for the ecological similarity or dissimilarity
based on their placement in relation to the axes and each other over time. NMDS can cope with
non-linear responses in the data, its R2 represents the correlation, and is evaluated in part by its
stress value. The lower the stress value, the better fit of the original distances or dissimilarities
and projected distances in the ordination visualization (Clarke, 1993). Stress plots are valuable
for understanding the impact of dimensions on the output and can be used to explore both
dimensionality and interpretative value. Clarke (1993) suggests that less than 0.05 be considered
excellent, less than 0.10 be considered good, until greater than 0.20 which should be interpreted
with caution.
If ordination groups are overlapping or located close together, it is important to
investigate if the groups are statistically distinct. Statistically significant differences among the
means are examined and additional tests are used to compare whether an observed difference is
due to the spread among the groups or influenced by the variance within a group. To test for
significant differences among groups in this multivariate situation, I used two non-parametric
methods, the Multiple Response Permutation Procedure (MRPP) and Permutational MANOVA
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(the “adonis2” function in the vegan package) (Anderson, 2008; Oksanen et al., 2007). The
results were organized by class and patch level by season. The MRPP explores significant
differences among sampling groups by investigating the dissimilarity within groups and between
groups and determines the significance of the differences. The non-parametric multivariate
analysis of variance (MANOVA) partitions the sum of squares using the dissimilarity and
outputs a p-value and R2 value. A significant p-value tells us there is a significant difference
among groups but does not identify if this holds true for all response variables or which response
variables are drivers behind the significant difference. Since groups with no significant
differences in the centroids but with very different dispersions may lead to misleadingly low pvalues suggesting a significant difference among groups, it is recommended to evaluate the
variances using an analysis of multivariate homogeneity of group variances (Anderson et al.,
2006; Warton et al., 2012). However, if a significant difference is found in a major single
treatment, then an NMDS ordination is useful for visualizing the differences among the groups.
But if there is a significant difference with more than one predictor, the interaction situation is
more complex and to find out what is happening it is important to compare individual groups
using permutational ANOVAs or pairwise comparisons. These methods help us understand the
probability of the multivariate effects in our ecological data when the data do not fit the formal
normal distribution assumptions of other variance based parametric models. These analyses were
conducted in R version 3.4.1, using packages including vegan and ggplot2 (Oksanen et al., 2007;
R Core Team, 2016; Wickham, 2011).
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2.3.3 Patch Trajectory Analysis
To detect changes across the Landsat spectral time series, I applied the LandTrendr
algorithm which stands for Landsat-based detection of Trends in Disturbance and Recovery
(Kennedy et al., 2018) to the NDVI spectral values. The LandTrendr algorithm segments the
spectral time series by breakpoints in between segments that represent stability or continuing
change in the trajectory. This strategy also enables a further exploration of the spectral trajectory
periods. The algorithm fit the spectral data and produced trend segments for each band and for
winter and summer period. The entire Landsat Archive was accessed and processed directly
through the GEE Application Programming Interface (API) using Google’s high-performance
computing resources (Gorelick et al., 2017). After masking clouds and shadow, the parameters
selected for the model included maximum number of segments (6), spike threshold (0.9),
recovery threshold (0.25), vertex count overshoot (3), p-value threshold (0.05), best model
proportion (0.75), and minimum number of observations needed (6). The maximum number of
segments to be fitted of 6 was chosen since the system is variable (default is 5). The spike
threshold, between 0 and 1, is used to dampen anomalies in the trajectory so around 10%
dampening was chosen to no overfit the trend (1 means no dampening and default is 0.9). The
recovery threshold, between 0 and 1, sets the limit for numbers of year that recovery rate would
be expected to follow in that system (default is 0.25). The vertex count overshoot is the number
of additional vertices that can be used to fit the model (default is 2) so 3 was chosen to allow for
more flexibility in the initial fitting. The p-value threshold determines when the tool’s iterative
calculations for the best model will finish once it’s found a value lower than the lowest p-value
times the best model proportion value. The best model proportion calculates the p-value of each
model and selects the model that has the most vertices for the most significant p-value where 1
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means the model has the lowest possible p-value but may not have as many vertices. To allow
for more vertices without sacrificing more than a quarter of the statistical power, a model
proportion around 0.75 was chosen. The minimum number of observations is used when you
want to prevent too few valid observations from being fitted which was the default 6 in this case
since the dataset had enough observations. Median was used as a reducer to minimize noise from
surface reflectance values at both extremes.
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CHAPTER THREE: RESULTS
3.1 General Wetland Landcover Dynamics (1941-2019)
From the landscape-level metrics analysis, modest changes for all the wetlands were
observed in the period before enhancement between 1941 and 1993 and after enhancement from
1993 until 2019. At the landscape scale, the total area of all wetlands combined increased by
0.08% (around 4 ha) prior to enhancement and then decreased by 0.09%, around 4.2 ha (Table
3). The average Perimeter Area Fractal Dimension, which relates to the shapes of the patches,
showed a 1% increase followed by a 6% decrease afterwards, which suggests that the patches
became more circular after the enhancement.
Table 3. Landscape Metrics between 1941,1993, 2019
Metric

1941

1993

2019

Wetland Total Area (ha)
Perimeter Area Fractal
Dimension

667.82

631.90

673.60

Percent
change
1941-1993
-0.05

1.09

1.1

1.03

0.01

Percent
change
1993-2019
0.07
-0.06

At the community level, the patterns before and after the enhancement differed by
wetland type (Table 4). Prior to the enhancement, bayhead, cypress, and mixed hardwood
swamps showed decreases in areal extent while marsh slightly increased. After the enhancement,
cypress, marsh, and mixed hardwood swamp increased, while bayhead yielded a slight decrease.
Table 4. Class Metrics between 1941,1993, 2019
Class Area (ha)
Wetland
1941
1993
171.3
Bayhead
192.49
216.3
Cypress
233.41
199.7
Marsh
194.70
44.6
Mixed Hardwood Swamp
57.22
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Percent Change
2019
166.7
238.2
210.4
58.3

1941-1993
-0.11
-0.02
0.02
-0.22

1993-2019
-0.03
0.1
0.05
0.30

3.2 Spectral Dynamics associated with Wetland Enhancement
3.2.1 Comparison of Spectral Properties Wetland Communities
As in other studies analyzing large remote sensing datasets, non-metric dimensional
scaling (NMDS) elucidated patterns in the dynamic spectral data (Leutner et al., 2012). Data at
the wetland community and patch level were analyzed in both winter and summer seasons
annually of the 35-year period between 1985 and 2019. The NMDS of all the patches of all the
wetlands yielded a good stress level (0.071) and the non-metric fit, R2 was 0.995.
When examining all the wetland communities together, the ordination showed bayhead,
cypress, and marsh patches to exhibit relatively similar spectral patterns as shown by the
overlapping ellipses, with the larger ellipses representing more year-to-year variation in
ordination space (Figure 7). During summer, the patches exhibited more spectral variability than
found in winter. In summer, the bayhead patches were less variable than cypress patches which
were less than marsh and they overlapped each other in the region representing a correlation with
the TCB index (Appendix C). In winter, bayheads were more the most spectrally homogenous
(lower annual variability in ordination). The bayhead patches had more detectable green biomass
demonstrated by the shift towards B4 and NDVI compared to the other two communities.
Cypress exhibited more greenness than marsh during the summer, however during the winter
marsh exhibited higher NDVI levels than cypress communities (Appendix C).
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A

B

Figure 7. NMDS ordination of all bayhead (4), cypress (4), and marsh (6) wetland patches for
A) summer (June 20 to August 20) and B) winter (November 20 to January 20) sampling
periods. Each point represents a year between 1985 and 2019. The larger filled markers represent
the centroids of the wetland communities and the ellipses represent a 95% confidence interval.
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According to the MRPP and PERMANOVA statistical analyses summarized in Table 5,
the wetland communities did slightly differ more among the groups than within each community
in summer and winter. This difference is estimated to explain about 2% of the variance observed.
After comparing among the wetland communities in each season, the MRPP mean dissimilarities
among the wetland communities and the variance were compared for each pair of wetland
communities. The marsh mean dissimilarity suggests that marsh was more different from the
other two communities in both seasons, but slightly more different during summer than winter
(Appendix D). When comparing the pairs of wetland community variance, the cypress and
bayhead or cypress and marsh communities were the most different from each other. The marsh
and bayhead did not have homogeneous variance which means we did not have enough evidence
to conclude if there was a significant difference among that pair wetland community means.
Table 5. Landscape-level Statistical Analysis of Wetlands for summer and winter seasons
All Wetland Communities
Season

Summer

Winter

Statistic

MRPP
(Significance
of delta)

Permutational
MANOVA
(R2, p-value)

Homogeneity
of Variance
(F, p-value)

MRPP
(Significance
of delta)

Permutational
MANOVA
(R2, p-value)

Homogeneity
of Variance
(F, p-value)

Among
Wetland
Communities

0.001

0.023,
0.001***

2.42, 0.08

0.001

0.067,
0.001***

2.42, 0.098

Asterisks (***0.001, **0.01, *0.05) denote statistically significant p-values. Bold type denotes
conditions where both significant Permutational MANOVA and homogeneous variance values.
3.2.2 Ordination of Spectral Dynamics of Wetland Communities
When looking at the winter spectral properties split into pre-, during-, and postenhancement periods, the three wetland communities exhibited some differences. In the NMDS
analysis, all three wetland communities had relatively tight distributions. Marsh and cypress
patches were clustered closer together than bayhead. When comparing the spectral properties of
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the patches within each wetland community, different patterns emerge when viewing the
trajectories of the centroids of each time period (pre-, during-, and post-enhancement) through
ordination space.
During the winter, marsh was the only community with a statistically significant
difference in the spectral properties among the time periods in both seasons which informed
around 5-6% of the variation. (Table 6). Bayhead in the summer had a marginal difference
among the time periods which explained only about 5% of the variation and cypress did not have
enough evidence to conclude a difference from the PERMANOVA analysis (Table 6). The
dispersion within the cypress community had a greater impact on the variation than the
difference between the time periods for a distinction to be made. According to the MRPP
dissimilarity analysis, cypress had greatest dissimilarity in the During 1993-1996 period
followed by the Post 2005-2012 period compared to other periods during the summer (Appendix
D). During the summer, bayhead Post 1997-2004 period was the most different followed by both
Pre 1985-1992 and Post 2005-2012 periods compared to the other periods.
Table 6. Class-level Analysis of Spectral Patterns from Pre-, During-, and Post- Enhancement
Periods
Season
MRPP
(Significance
of delta)

Summer
Permutational
MANOVA
(R2, p-value)

Homogeneity
of Variance
(F, p-value)

MRPP
(Significance
of delta)

Winter
Permutational
MANOVA
(R2, p-value)

Homogeneity
of Variance
(F, p-value)

Bayhead

0.076

0.05, 0.053

0.58, 0.69

0.005

0.05, 0.074

0.61, 0.65

Cypress

0.033

0.048, 0.13

0.52, 0.76

0.001

0.063, 0.012*

2.2, 0.033*

0.003

0.053, 0.002**

1.7, 0.18

0.001

0.056, 0.001***

2.2, 0.086

Marsh

Asterisks (***0.001, **0.01, *0.05) denote statistically significant p-values. Bold type denotes
conditions where both significant Permutational MANOVA and homogeneous variance values.
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When examining the vegetative communities focusing on the time periods before, during,
and after enhancement, we observed the temporal spectral dynamics of the wetland systems
(Figure 8). All community types exhibit the contraction between the summer and winter periods,
which represents the convergence of spectral reflectance properties as some species drop leaves
or lose chlorophyll as they turn brown. During the summer and winter seasons, there were some
dynamics among the centroids representing the average spectral patterns before, during, and after
enhancement. The spectral composition in more recent post- enhancement periods generally
differed the most from the pre- enhancement spectral composition. When running the NMDS on
the bayhead, the stress (0.089) was good and the non-metric fit R2 was 0.996. Though not
significantly different, during both summer and winter, the centroid representing the most recent
period (2013-2019) aligned more with B4 and the NDVI index than previous periods suggesting
the presence of more green biomass.
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A

B

Figure 8. Ordination plots of bayhead patches (4) from 1985-2019 during A) summer (June 20
to August 20) and B) winter (November 20 to January 20) seasons. The 35-year period is
subdivided into 3-7 year sampling periods to represent pre-, during-, and post-enhancement
periods. Each point represents each patch in that time period. The larger filled markers represent
centroids of the wetland communities and the ellipses represent 95% confidence intervals.

Cypress patches also displayed more variation in the summer season compared to winter,
(Figure 9) which is expected as cypress needles drop during the winter. During the winter period,
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where there was a significant difference among time periods (Table 6), the centroid of the latest
post-enhancement period (2013-2019) was furthest away from the pre-enhancement centroid
(1985-1992). During both summer and winter, latest time period was more aligned with NDVI
than earlier periods (Appendix C). When running the NMDS on the cypress, the stress (0.053)
was considered good and the non-metric fit, R2 was 0.997.

A

B

Figure 9. Ordination plot of cypress patches (4) from 1985-2019 during A) summer (June 20 to
August 20) and B) winter (November 20 to January 20) seasons. The 35-year period is
subdivided into 3-7 year sampling periods to represent pre-, during-, and post-enhancement
periods. Each point represents each patch in that time period. The larger filled markers represent
the centroids of the wetland communities and the ellipses represent 95% confidence intervals.
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Marsh patches exhibited more spectral heterogeneity during the summer than the winter
(Figure 10). As found with the bayhead and cypress communities during both the summer and
winter seasons, the centroid from the latest post-enhancement period (2010-2019) and the second
post-enhancement period (2001-2009) were furthest away from the pre-enhancement centroid.
For both summer and winter seasons which had time periods that were significantly different, the
latest time period was more aligned with TCB and TCW than earlier periods (Appendix C). The
during period 1993-2000) exhibited the greatest magnitude of heterogeneity in both seasons and
the last two time periods showed more homogeneity than the Pre and During time periods. When
running the NMDS on marsh data, the stress (0.067) was on a similar level of good as the other
communities and the non-metric fit, R2 was 0.996.
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A

B

Figure 10. Ordination plots of marsh patches (5) from 1985-2019 during A) summer (June 20 to
August 20) and B) winter (November 20 to January 20) seasons. The 35-year period is
subdivided into 7–9 year sampling periods to represent pre-, during-, and post-enhancement
periods. Each point represents each patch in that time period. The larger filled markers represent
the centroids of the wetland communities and the ellipses represent 95% confidence intervals.
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3.2.3 Spectral Dynamics of Individual Wetland Patches
3.2.3.1 Dynamics of Individual Patches in Ordination Space
Only a few patches exhibited statistically significant differences based on the spectral
classification for the pre-, during-, and post-enhancement time periods. In summer, bayhead HU
6 was the only patch and in winter bayhead HU 5 and marsh HU 10 exhibited significant
differences although the variance was not homogenous among the time periods.
Overall, the majority of the bayhead time period movements were small (Figure 9). In the
ordination space the centers of the time periods were located close to each other. More
movement was associated with the summer spectral responses than the winter season. In both the
summer and winter (except HU 3 summer to a lesser degree) there is a trend where the final
movement from the third time period to the last time period moves toward higher NDVI/TCG
values. The NMDS1 axis was positively related to B1 and negatively related to NDVI and TCG
(Appendix C). The NMDS2 axis was positively related to TCW and negatively related to B2 and
TCG. Across bayhead patches, the last movement towards NDVI/TCG was the most similar
among the patches, however the magnitude was greater in HU 3 and HU 6 than HU2 and HU5.
Also, HU 2, HU 3, and HU 5 had relatively more similar movement towards TCB between the
During, Post 1, and Post 2 time periods than HU 6. The last movement to Post 3 was the most
similar among the patches, however the location of the Post 3 was more similar to the Pre
location in HU 2 and HU 5 than HU 3 and HU 6 where the Post 3 was closer to the During, Post
1, and Post 2 time periods. At the patch scale during the summer, the bayhead HU 6 displayed
more variation among the time periods than within the time periods and it related to around 22%
of the variation as seen in Table 6. During the winter, the bayhead HU 5 had more variation
among the time periods than within the time periods and had an R2 of 30%. The two patches

57

with the most variation were HU 5 in winter and HU 6 in summer. For bayhead patch HU 5,
during the summer period, there was oscillation between periods and the last time period was the
most green of all the time periods before (Figure 11). For bayhead patch HU 6, during the
summer, the centroids oscillated in the time periods after enhancement however the last one
moved toward NDVI next to the time period right after enhancement (Figure 11).

Figure 11. Individual bayhead patch NMDS trajectories in summer showing pre-, during-, and
post-enhancement periods. Each point represents a year. The larger filled markers represent
centroids of the wetland communities.
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This patch had a larger change after enhancement between 1993-1996 and between the fourth
and the final time period 2013-2019.
Across cypress patches, the last two movements were the most similar from Post 1 to
Post 2 and Post 2 to Post 3 towards NDVI/TCG (Figure 12). The During period had the most
variability and then followed a more similar pattern. Also, the magnitude of change was greater
in HU 3-C than the other patches. During the summer period, the cypress centroids for the time
periods after enhancement moved closer to TCB and contracted back towards NDVI/TCG near
the initial time period. Winter displayed a slightly different pattern where the third time period
acted differently than the first two time periods after enhancement. It moved towards the
NDVI/TCG (and near where the final time period would be). The third time period of 2005-2012
moved back in the opposite direction towards TCB until it went back again towards NDVI/TCG
in 2013 2019.
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Figure 12. Individual cypress patch NMDS trajectories in summer showing pre-, during-, and
post-enhancement periods. Each point represents a year. The larger filled markers represent
centroids of the wetland communities.

Across marsh patches, many patches varied in their movements in ordination space, but
ended with the Post 3 time period moving towards NDVI/TCG and closer to the Pre time period
or overlapping with it (HU 3), except for HU 8 (Figure 13). Across all wetland types there is an
expansion in variability in the summer season compared to the winter season and a somewhat
similar movement from Post 2 towards Post 3 in the direction of NDVI/TCG (Appendix D). The
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marsh patch with the most variation was HU 10 during the winter. Similar to bayhead HU 6,
there was some greenness after the enhancement and wetness after 2004, and the final time
period stayed in the middle of the earlier changes. The marsh HU 10 exhibited more variation
among the time periods than within the time periods and a R2 of 24%, informing a quarter of the
variability (Table 7).
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Figure 13. Individual marsh patch NMDS trajectories in summer showing pre-, during-, and
post-enhancement periods. Each point represents a year. The larger filled markers represent
centroids of the wetland communities and the ellipses represent 95% confidence intervals.

Table 7. Individual Patch-level Analysis of Patterns from Pre-, During-, and Post-Enhancement
Periods
Season

Statistic

Bayhead

Cypress

Marsh

Summer

HU

MRPP
(Sig.
of
delta)

PERMANOVA
R

2.

p-value

Winter
Homogeneity
of Variance
(F, p-value)

MRPP
(Sig.
of
delta)

PERMANOVA
R

2

p-value

2

0.53

0.12

0.43

0.10

0.19

0.09

3-B

0.40

0.091

0.68

0.013

0.22

0.06

5

0.52

0.12

0.50

0.001

0.005*

6

0.045

0.22

0.049

0.34
0.08
7

3-C

0.23

0.084

0.72

0.16

0.11

0.47

4

0.97

0.076

0.77

0.06

0.18

0.13

21

0.26

0.14

0.30

0.19

0.13

0.35

31

0.15

0.16

0.21

0.18

0.12

0.40

3-M
7
8
10

0.32

0.14

0.30

0.060

0.17

0.15

0.34
0.19

0.17
0.17

0.18
0.17

0.060
0.050

0.18
0.19

0.16
0.10

0.17

0.69

0.66

0.027

0.24

0.019*

11

0.17

0.12

0.41

0.002

0.21

0.06

1.8, 0.16

0.58

Homogeneity
of Variance
(F, p-value)

0.79, 0.55

0.73

1.0, 0.43

Asterisks (***0.001, **0.01, *0.05) denotes statistically significant p-values. Bold type denotes
conditions where both significant Permutational MANOVA and homogeneous variance values.
Gray denotes the areas which were not calculated since the significant value was not found in the
other tests.

At the individual patch level, two of the bayhead patches (HU 5 in winter and HU 6 in
summer) and one marsh patch (HU 10 in winter) exhibited a difference among the time periods
for that patch. Bayhead HU 6 was the only significant patch during the summer season and the

62

difference among the time periods represented about 22% of the variance. During the winter,
Bayhead HU 5 and Marsh HU 10 exhibited significant differences among the time periods which
explained about 32% and 24% of the variance, respectively. According to the dissimilarity
analysis, HU 5 in winter had a relatively similar dissimilarities in the time periods (Appendix D).
The Pre 1985-1992 and Post 1997-2004 period had significantly heterogeneous variances which
makes it difficult to make any conclusion about a difference between that pair. During the
summer, bayhead HU 6 had significantly heterogeneous variances between the Pre 1985-1992
and During 1993-1996 periods so there was not enough evidence to conclude a difference
between that pair.
According to the results of the NMDS ordination analysis it seems that one of the main
spectral properties to change was the greenness, represented by NDVI, so we evaluated the
changes over the years on an annual scale.

3.2.3.2 Wetland Patch NDVI Time Series
Over the 35-year time series, it is helpful to quantify the system dynamics, e.g., what
changes occurred, how frequently did these occur, how long did they persist, what was the length
of recovery, among others.
The LandTrendr algorithm derived trendlines illustrate the points where significant
change or disturbance occurred and also how long the trends of recovery or disturbance lasted.
NDVI trends in bayhead in summer reveals a decrease in 1995 shortly after the enhancement
activities began and more variability among the patches between 1996 and 2019 (Figure 14). The
two largest bayheads in HU 2 and HU 5 are located at the northern and western parts of the
preserve, respectively, and seem to converge following a steady positive increase in NDVI
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values. In the winter, NDVI values of bayhead are steady until around 2007 when HU 2 exhibits
a sharp drop then subsequently rebounds and in 2013 when HU 3-B start increasing.

A

Pre

Post

B

Post

Pre

Figure 14. Bayhead NDVI trend lines illustrating pre-enhancement period 1985-1993, during
enhancement period 1993-1996 (yellow), and post-enhancement 1997-2019 in A) summer and
B) winter.

64

Summer NDVI values in cypress patches revealed a similar decreasing trend between
1985 and 1993 as found with the bayhead patches and more variability after enhancement
between 1996 and 2019 (Figure 15). During winter, the NDVI of cypress patches were relatively
steady until after 2005, when the HU 3-C and HU 31 wetland patches showed shifts and
increased until 2019.

A

Pre

Post

Pre

Post

B

Figure 15. Cypress NDVI trend lines illustrating pre-enhancement 1985-1992, during
enhancement 1993-1996 (yellow), and post-enhancement 1997-2019 years in A) summer and B)
winter.
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Summer NDVI values in marsh patches were generally consistent between 1985-2005
with all patches showing a slight decline (Figure 16). Several years after enhancement, after
2005, HU 3-M, HU 7, and HU 8 showed NDVI shifts in varied directions. During winter, NDVI
values in one patch, HU 11, shifted downward during the time of enhancement. After
enhancement, other than HU 10 which had a downward shift in 2004, but rebounded in 2018,
there was a general slight increase in NDVI values.

A

Pre

Post

B

Pre

Post

Figure 16. Marsh NDVI trend lines illustrating pre-enhancement 1985-1993, during 1994-2000
(yellow) and post-enhancement 2001-2019 years in A) summer and B) winter.
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The extra adjacent marshes and mixed hardwood swamp were analyzed to explore if they
exhibited similar effects to the nearby enhanced wetlands. The summery trajectories showed
little significant changes before 2010, but 22/4 and 21/3 exhibited a decrease around 2013
followed by about four years of recovery to similar levels from before the disturbance (Figure
17). During summer, 21/3 exhibited a gradual decline until around 1999 when it started a gradual
recovery. The winter trajectories were relatively stable except for a slight decrease in 21/15
around 2006 and in 2/7 around 1999.

A

B

Figure 17. Reference NDVI trend lines from 1985-2019 in A) summer and B) winter.
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CHAPTER FOUR: DISCUSSION AND CONCLUSIONS
4.1 Landscape Metrics Analysis
The hydrological enhancement at the Disney Wilderness Preserve restoration site had an
overall positive impact on the hydrology which allowed the environment for water-loving plants
to grow in areas previously drained(Vines, 1999). Although wetland community trajectories after
enhancement varied among communities and patches, the spectral changes revealed an increase
in variability. According to the Landscape level metrics analysis, different changes were
observed between 1941 and 1993 and 1993 and 2019. In relation to total wetland area between
1941 to 1993, the relatively small decrease in area before the enhancement could reflect the
effect of the ditches and ranch land management on the wetlands. Between 1993 and 2019, the
slight increase seems to reflect the positive impact of the enhancement and favorable
environmental conditions for wetland vegetation growth.
At the class level, the bayhead, cypress, and mixed hardwood swamp slightly decreased
in area between 1941 and 1993 which may be because of the water restrictions and land
management on the cattle ranch before it became a preserve. The marsh on the other hand had a
small increase between 1941 and 1993 and 1993 and 2019 which suggests that it may be
relatively more resilient to the changes in hydrologic regime and may have been managed
differently than the other wetlands (e.g., not logged). The bayhead area decreased in both time
periods but had a small magnitude decrease in the recent years after the enhancement which
suggests that the transition from drier pre-enhancement conditions to a different hydrologic
regime involved a mixture of vegetation growth and loss which has a net positive effect. The
bayhead may be impacted by the loss of non-wetland plant species that had become established
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when the wetlands were drier overall and later lessened after being inundated with the longer
hydroperiod to which they were not well-adapted. The marsh changed from a slight decrease
before enhancement to an increase which suggests that the hydrological regime change and
environmental conditions were conducive for marsh vegetation growth. In the preserve, the slight
increase in the Perimeter Area Fractal Dimension from 1941 to 1993 suggests that over time that
there was more tree growth that smoothed the shape’s complexity. The slight decrease from 1993
to 2019 suggests that over time that the edges of the patches became more convoluted. It is
possible that this landscape metric is reflecting the removal of encroaching vegetation of certain
wetland patches (The Nature Conservancy, 1992). Upon further inspection of the historical aerial
imagery, the landscape was altered during the enhancement project by the creation of ponds next
to the roads and chipping the vegetation on the ditches, however it also seems that the logging
and other activities before the preserve was created could impact the recovery of the wetlands.

4.2 Spectral Dynamics Related to Enhancement
Among the NMDS ordination of the wetland classes, all wetlands exhibited greater
heterogeneity in summer as compared to winter and the marsh and cypress communities
exhibited more heterogeneity than bayhead in both seasons. Even though a subtropical climate
may not have the same four distinct season foliage changes seen in temperate regions, there did
seem to be a detectable change in winter that was more homogeneous than the summer. Some of
the wetland trees often found in cypress swamps are known to drop their leaves or become dry
(e.g. Taxodium distichum or bald cypress) which would create an open canopy with more visible
soil, understory, or water. Some species in bayheads or mixed hardwood swamps change color to
red parts of the spectrum (e.g. Nyssa sylvatica black gum) which also would be expected to be
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detectable with the red and NIR bands since there will be more absorption of the red color and
NIR sensitivity to the drier leaves.
According to the statistical analysis among the communities, there was a significant
difference among the wetland communities in both seasons, particularly between cypress and
bayhead and between cypress and marsh. Subtropical rainy summers and fast-growing vegetation
such as rushes in marshes as compared to the floodplain forested wetlands with slower growing
tree species may be exhibiting a faster response than the growth habit of forested cypress and
bayhead communities.
In both seasons, marsh was the only community that exhibited significant differences
among the time periods which were not influenced by heterogeneity of dispersion of the
variances unlike bayhead and cypress. Cypress exhibited a false difference among the time
periods during the winter because its significance was more influenced by the heterogeneity of
the variance within the time periods than between different time periods. It’s possible that the
greater number of ditches removed from the marshes in the south that increased water levels
combined with the marsh growth habit could have helped nearby marsh communities recover
more quickly than isolated wetlands near the north of the preserve.
On a patch level, bayhead patches that exhibited more dispersion among the time periods
than within the time periods included HU 5 in the summer and HU 6 in the winter. HU 6 had two
ditches filled around 1997 and HU 5 had one ditch filled. HU 5 is the largest bayhead patch and
is located on the west side of the preserve close to the boundary. It seems that there were many
changes to the scrub adjacent to HU 5 before the enhancement project began with the most
changes to the southwestern edge of HU 5 occurring between in the late 80’s to early 90’s.
According to the aerial imagery and monitoring report, the encroachment into the marsh and wet
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prairie on the edges was managed with repeated prescribed burns and selective woody vegetation
removal which had an immediate impact on the trees in the ecotone (The Nature Conservancy,
2007). There was also an herbicide treatment for invasive cogon grass. HU 6 on the other hand is
a relatively small bayhead community nested inside a mixed hardwood swamp which may
protect it from some of the encroachment and edge effects than other patches.
According to the timeseries analysis during summer, HU 5 had a significant decrease in
NDVI during the enhancement as compared to HU 6 which was gradually declining until around
2012 when it began to recover. HU 5 had much more vegetation removal and potential impacts
as compared to HU 6 which is small and nested within a mixed hardwood swamp. However, in
winter, it seems that HU 6 has been gradually increasing without much sudden change events
and HU 5 follows a similar trajectory except with a small recovery after a small disturbance
around 2005. The marsh patch HU 10, which is also called the Super Marsh, is the largest patch
compared to much smaller isolated depressional wetlands, had the most complex enhancement
implementation, and was more heavily altered so it’s possible it experienced the greatest
magnitude of restriction followed by inundation (Appendix A). According to the timeseries
analysis in summer, the HU 10 had a stable trajectory, but in winter it decreased after 2003 until
around 2009 when it started to recover. The marsh habitat may have been impacted by the lack
of rainfall in the summer, but the impacts of which may have been more visible in the winter
when the plants naturally senesce. In summary, during the summer, NDVI values in 3 of the 4
bayhead patches and 2 of the 4 cypress patches returned to around pre-enhancement levels. In
marsh only 1 exceeded and the other 6 were at or below pre-enhancement levels. During the
winter, NDVI values in all bayhead patches slightly increased, all cypress patches increased to
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differing degrees, and 5 out of 6 marsh patches returned to about the same or slightly greater than
pre-enhancement levels.
The wetlands that were chosen as a hydrological reference exhibited declines in the
NDVI that corresponded to time when prescribed burns were conducted. Patches 22/4 and 21/3
decreased around 2013, the same year as an extensive prescribed burn throughout the
surrounding area and was followed by four years of recovery to similar levels from before the
disturbance. During summer, gradual recovery observed in 21/3 may be related to its regrowth
after growing season prescribed burn around 1999. The winter decreases in 21/15 around 2006
and in 2/7 around 1999 corresponded to the prescribed burns conducted during that year’s
growing season and may be reflecting its regrowth after some vegetation was burned.
In summary, after enhancement there were different final levels of detectable greenness
among patches and wetland communities. However, there was a common pattern of greater
variability in the trajectories of wetland patches after enhancement. Although the timeseries
illustrated decreases in the NDVI greenness during the enhancement and other dynamics through
the periods, there was a return to the same level or a slight increase in 2019 compared to 1985 in
the majority of patches. Also, the increasing trend was more pronounced and more common in
winter compared to summer. Part of the variation in the landscape among patches may be due to
the distribution of impacts of land use legacies including past ditching, timber harvesting,
farming, turpentine mills, and cattle ranching.

4.3 Limitations
Monitoring a highly dynamic subtropical freshwater wetland system is challenging. One
of the challenges about remote sensing of wetlands is that they are complex, seasonally highly
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variable, influenced by climate change, influenced by surrounding landscape, and the available
higher resolution data often has less temporal resolution. Sources of uncertainty in the landscape
analysis include the limited number of scenes available, the difficulty segmenting marsh
vegetation as compared to forested wetlands, and human error when segmenting a large number
of patches. Sources of uncertainty in the spectral analysis include the limited availability of
cloud-free remotely sensed imagery during the rainy summer season, possible atmospheric
interference that was not completely masked, the 30m pixel size with small marsh wetlands, and
possible phenological effects. Even though we attempted to minimize the spectral variability due
to phenology and sun angle differences by comparing similar collection dates each year, the
interaction of changing precipitation and temperature on recovery processes can hinder the
separation of what is a seasonal change and what is a change resulting from enhancement
activities or other events.
Scale is important and for studies with wetlands smaller than 30m another possibility
would be to utilize Sentinel-2 multispectral imagery which has a 10m spatial resolution and starts
from 2015. During the collection years of Landsat 8 and Sentinel-2 from 2015 to present, both
could be harmonized and would provide higher resolution multispectral information. To
quantitatively assess the effects of the pixel scale on the change detection of the wetland spectral
properties in different sized wetlands, sub-meter high resolution Planet multispectral imagery
could be compared to a similar recent Landsat or harmonized imagery collection date.
The strong connection between hydrology and wetland ecosystem function that underlies
enhancement projects like this, also make them vulnerable to the effects of a changing climate.
Isolated freshwater wetland ecosystems in Florida are influenced by many climate factors
including but not limited to the temperature, precipitation, global climate change, and far
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reaching El Nino Southern Oscillation (ENSO) events. Not to mention that decreases in
precipitation, increasing temperatures, increased CO 2 concentrations, and increased
evapotranspiration (Mitsch & Gosselink, 2015) could have a synergistic effects with fire
regimes, expanded ranges of pests, invasive species, severity of extreme weather events.
Integrated groundwater and surface water modeling could help predict the effects of climate
change on wetlands and inform implementation of enhancement practices for wetlands (Erwin,
2009).
Long-term precipitation data from the Florida Climate Center stations nearest the
preserve located west in Bartow and north in Kissimmee were used to examine the climate of the
preserve. The average annual precipitation has decreased around 2000 and 2007 and increased
during the early 1980’s and early 2000’s. The current trajectory suggested an increase near
Kissimmee and slight decrease near Bartow, with a 0.2 C magnitude difference in 2017
(Appendix E). The total annual precipitation also follows a similar trajectory (Appendix E). The
decrease in precipitation could impact the survival of floodplain wetland vegetation that rely on
rain replenishment and are subject to increased fire risk. Precipitation is not only important for
replenishing the aquifer and maintaining the hydroperiod for the wetland vegetation, but also in
facilitating the microbial communities and biogeochemical processes that decompose litter and
store carbon. Huber conducted a soil carbon study on the restored wetlands at the preserve and
found that wetlands, which accounted for 22% of the analyzed land cover, stored approximately
47% of the total carbon of the preserve (Huber, 2017). Many factors influenced the soil carbon
such as location, wetland community type, water depth, and depths of organic layers which
underscores the complexity of relationships that assist in wetland functions such as carbon
sequestration. Future research would benefit from incorporating interannual precipitation pattern
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into models to evaluate their impact as compared to the anthropogenic effects. This could
illuminate if restoration and enhancement activities are improving the condition or simply
preventing further degradation (Burrell et al., 2017; Evans & Geerken, 2004; Verbesselt et al.,
2010).
According to the long-term temperature data from the Florida Climate Center, there was
a long-term increase in the average annual temperature both in Bartow and Kissimmee (Figure
24). When exploring the coldest and hottest averages, the minimum temperatures have been
increasing more over time contributing to the increase in the average annual temperature
(Appendix D). The increasing average annual temperature could exacerbate the chance of
wildfires and exacerbate stress on wetland plants that lack sufficient water.

4.4 Future Directions
Since the restoration or enhancement activities, community types, and landscape legacies
often vary widely and these isolated freshwater wetlands are underrepresented compared to
coastal wetland restoration studies, future research would benefit from investigating more
isolated freshwater wetland restoration sites to compare patterns. Since there are so many
potential random effects that could influence the trajectories, the identification of nearby
wetlands for control could help identify the trends that are heavily influenced by the shared
environmental conditions. Another major aspect of the restoration was the re-establishment of
upland species native to long leaf pine flatwoods ecosystems and removal of non-native pasture
vegetation near the north of DWP (The Nature Conservancy, 1992). Since upland habitat is
particularly vulnerable to urban development, studying how the planting and re-establishment of
the fire regime has changed over the years could inform future restoration of former pasture
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lands in the region. Infusing other remote sensing datasets and analysis techniques could improve
this restoration monitoring study. NEON sites, such as the DWP, are host to a wealth of
standardized data collections which include LiDAR (Light Detection and Ranging) and
hyperspectral remote sensing, which both offer insight into ecosystems from its structure and
biomass to its species composition and functional types respectively (Kampe, 2010). Biomass is
important for understanding carbon sequestration and similarly the plant functional types are
related to its ecosystem services (Guo et al., 2017).
As ecological modelling has been improving to better characterize highly variable
ecological data, a time series change detection model that could be applied in a future study is
the Continuous Change Detection and Classification (CCDC) algorithm. This harmonic
regression model requires more data in order to account for both seasonal and long-term
dynamics but offers greater seasonal spatio-temporal information. LandTrendr controlled for
seasonal impacts by comparing imagery from the same season annually, but CCDC illustrates
monthly changes which explores shifts in the seasonal patterns that are important for
understanding phenological changes.
In future studies, to improve the conclusions interpreted from the dynamics of the
complex ecosystem changes, an open-sourced tool such as the Distantia R package, would be
well-suited to explore the dissimilarity patterns between multivariate ecological time-series.
Unlike other methods for extracting dissimilarity information out of multivariate ecological
datasets, Distantia assess the similarity, independent of its regularity or sample size, to better
understand the temporal dynamics of complex system changes over space and time (Benito &
Birks, 2020). Comparing similarities among multi-year time periods, using ad hoc metrics which
make inference difficult when its assumptions are rarely met, and non-linear responses to
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covariates suggests the application of modern statistical models such as fitted gamma
distributional generalized additive models. This type of Bayesian multilevel statistical modeling
available in the R package brms (Bürkner, 2017) helps estimate ecological resilience by
continuously estimating the variance along with other parameters of the timeseries over time
which allows for making stronger inferences. A hierarchical approach would allow us to model
how the data varies spatially and to compare all sites and series at once instead of examining
each separately post hoc. Variance is an important measure of ecosystem resilience and is
involved in maintaining biodiversity and early-detection of regime shifts but can be difficult to
evaluate statistically in time series with missing data or skewed distributions.
Although the general field of ecological restoration has matured and research in this area
has expanded, the combination of lack of studies on diverse landscapes and less commonly
studied wetlands as well as poorly-defined targets followed by lack of quality monitoring
threatens improvement in the field (González et al., 2013; Wortley et al., 2013). Also, the
duration of monitoring is critical to better understand the long-term recovery beyond the most
immediate and rapid ecological and biophysical changes. Based on wetland restoration in Ohio,
10 to 15 year monitoring is recommended (Stefanik & Mitsch, 2012).
Each part limits critical knowledge to be gained from successes and failures. We were
able to address that in part by using a multi-scale approach and an extensive remote sensing
archive from 1985 to 2019 of the Disney Wilderness Preserve. We were able to explore its longterm history after it’s restoration project began in the early 1990’s. In practice, since restoration
goals may be set by permitting or legislative requirements rather than biodiversity and ecosystem
function goals (Burton & Ellen Macdonald, 2011) and are further limited by feasibility or
economic considerations (Hobbs, 2007) the project may not have much information that is
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relevant to the ecosystem. It is important to study and to make publicly accessible the postrestoration results in order to learn lessons about how an ecosystem’s structure and function
recovers or not.
This research included subtropical floodplain wetlands in one of the first large-scale
offsite wetland mitigation projects. It contributes to our understanding of the complexity of
implementing these large scale projects and of the possible long-term consequences of
restoration practices in varied wetland contexts. The use of remotely sensed data from air- and
space-borne sensors to evaluate physical changes measured at the landscape, class, and patch
scale along with related vegetation responses across the restoration timeline gave a multi-faceted
perspective to this complex mosaic of wetland ecosystems over the decades.
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4.5 Conclusions
Studying compensatory wetland mitigation that integrated an ecosystem approach such as
in the large off-site wetland mitigation at DWP, helps us understand the resilience and recovery
of isolated freshwater wetlands. Although the hydrology supported the reestablishment of more
wetland plant species according to the mitigation criteria, we found that over a 35-year period,
the plant vigor or greenness detectable by remote sensing varied both in the initial response
immediately after enhancement and the final levels. In summer, NDVI values in 3 of the 4
bayhead patches and 2 of the 4 cypress patches returned to around pre-enhancement levels. In
marsh only 1 exceeded and the other 6 were at or below pre-enhancement levels. After the
enhancement period, more variability was observed in all wetlands. Future wetland restoration
studies would be enhanced by long-term monitoring with more metrics combined with robust
multivariate analysis techniques that offer stronger statistical inference for interpreting highly
variable ecological time series data. By reconstructing and understanding the historical changes,
the LandTrendr algorithm and Google Earth Engine’s cloud computing capacities have helped
with our understanding of ecosystem change dynamics related to recovery from disturbances
such as a large-scale restoration. Better monitoring and understanding of the long-term changes
of these large-scale intensive offsite mitigation projects, will inform restoration practitioners, site
managers, and scientists who are leading the future of restoration of wetlands around the world.
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APPENDIX A. WETLAND RESTORATION OR ENHANCEMENT ACTIVITY
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Table A-8. Walker Ranch Tract Wetland Enhancement Activities in Phase I, II, III
Ditch Vegetation
Phase
Year
HU
Type
Soil
Treatment
logged, chipped
1993-1996 2
bayhead
plugs/backfill
(many trees died)
1993

I

II

3

mixed (cypress/ bayhead)

plugs/backfill

1993-1996

8

marsh

plugs (1993)/
backfill (1996)

1993

11

marsh

plugs/backfill

1995-1996

1

marsh
complex of small isolated
forested wetlands, wet
prairie and cypress dome
marsh/cypress

1997,
2000

4

1997

6

1997-1998

7

14 small isolated
depression marshes

2000

9

marsh and ecotone

plugs/ road removal/
backfill/ re-route
discharge/ culverts
initiated (1997),
completed
plugs/backfill (2000)
plugs/backfill
North: plug, South:
plugs/backfill /realign streamflow
(1997)
North: re-plugged/
backfilled /road
water barrier
plugs/backfill

2000

10

“Supermarsh”

plugs/backfill/ pond
re-grade/ levees/
structure

2000

12

Marsh that connects
“Supermarsh” to Lake
Hatchineha

culverts removed

III

logged and chipped
logged and chipped
off marsh edge and
ditch spoil
Wetland vegetation
scraped before
filling and spread
over open soil after
backfilling
None

None
None

chipping

chipping
Chipping
(Most difficult
project. Water
control structure
was designed so
water could be
raised and lowered
according to
rainfall)
chipping

Table A-9.Other Wetland Tract Enhancement Activities at Disney Wilderness Preserve
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Year

Hydrological Unit

Wetland type

Activity

1995

21

cypress basin

flashboard structure

1996

23

cypress

plugs/backfill

1996

41 (41-6)

marsh

plugs/backfill

1996

41 (41-2)

cypress

plugs/backfill/road removal

1996

41 (41-5)

floodplain

plugs/backfill

1996

31

cypress

plugs/backfill

1996

32

cypress

plugs/backfill

1996

33

cypress

plugs/backfill

1998

52

cypress

plugs/backfill/degrade road/re-grade ponds

1998

53

cypress

plugs/backfill

1998

22

cypress

plugs/backfill

1998

24

marsh

plugs/backfill

Table A-10. DWP Prescribed Burn Records 1994- 2019
Wetland
Patch
1993-1996
1997-2004
HU 2
1998, 2003
HU 3-B
1995(west)
1999(south),
2002, 2003
HU 5
1997(south),
Bayhead
1998,
2002(south),
2003(north)
HU 6
1995
2001, 2004
HU 3-C
1995(west),
1999, 2002,
1996
2004 (west)
Cypress
HU 4

1994, 1996

2000, 2002,
2004
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2005-2012
2005, 2008, 2011
2007, 2009(east),
2011
2005(south),
2006(north),
2007(east), 2009,
2012
2007, 2010
2005(east),
2007(west),
2009(east),
2010(west), 2012
2008, 2011

2013-2019
2014, 2017
2014, 2017
2015, 2018

2013, 2016, 2019
2015, 2018

2014, 2017

HU 21

Marsh

HU 31

1995

1997, 2001,
2003(south),
2004
1997, 2003

HU 3-M

1996

1999,2002

HU 7

N/A

HU 8

N/A

1997,1999,
2003
2002, 2004

HU 10

N/A

HU 11

N/A

1997(north),
2003(west),
2004 (north)
1999, 2003
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2007, 2010

2013, 2016, 2019

2006, 2008, 2011

2014, 2016 (west),
2017(east), 2019
2015, 2018

2005, 2009,
2010(west), 2012
2006, 2008, 2011

2013, 2016, 2019

2009(east),
2015
2010(west)
2007,
2013, 2016, 2019
2008(south), 2010
2006, 2008

2013, 2016, 2019

APPENDIX B. LANDSCAPE METRIC DATA
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Table B-11. Class-level Metrics
Bayhead

Cypress

Mixed Hardwood
Swamp

Marsh

Class
1941

1993

2019

1941

1993

2019

1941

1993

2019

1941

Total Area
192.7 171.3 166.7 221.4 216.3 238.2 194.7 199.7 210.4 57.2
(ha)
Percentage
4.10
3.64
3.55
4.71
4.60
5.07
4.14
4.25
4.48 1.22
of
Landscape
Largest
2.35
1.99
1.91
1.98
1.97
2.06
2.50
2.60
2.71 1.11
Patch
Index
Perimeter
Area
Fractal
Dimension

N/A

N/A

1.09

1.06

1.07

1.03
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1.04

1.03

1.06

N/A

1993

2019

44.6

58.3

0.95

1.24

0.88

1.09

N/A

N/A

APPENDIX C. SPECTRAL DATA
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Figure C-18. Comparison of Bay Patches in NMDS Ordination
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Figure C-19. Bayhead NMDS Spectral Properties
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Figure C-20.Comparison of Cypress Patches in NMDS Ordination
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Figure C-21. Cypress NMDS Spectral Properties
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Figure C-22. Comparison of Marsh Patches NMDS Ordination
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Figure C-23. Marsh NMDS Spectral Properties
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Figure C-24. Bayhead patch summer trajectories in NMDS Ordination
Table C-12. Bayhead Summer Trajectories
Bayhead
Pre→During During→Post-1 Post-1→Post-2 Post-2→Post-3
Summer
HU2
O



HU3
→



HU5
→



HU6

→
→→

Each → = around 0.0025 movement. 0 = no discernable movement
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Figure C-25. Bayhead patch winter trajectories in NMDS Ordination

Table C-13. Bayhead Winter Trajectories
Bayhead
Pre→During During→Post-1 Post-1→Post-2 Post-2→Post-3
Winter
HU2
O

→→

HU3
O



HU5


→

HU6
O
O
O
O
Each → = around 0.0025 movement. 0 = no discernable movement
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Figure C-26. Cypress Summer NMDS Ordination
Table C-14. Cypress Summer Trajectories
Cypress
Pre →During During→ Post 1 Post 1→Post 2
Post 2→ Post 3
Summer
HU 3-C
→→



HU 4
O
→


HU 21

→


HU 31

→→


Each → = around 0.025 movement. 0 = no discernable movement
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Figure C-27. Cypress Winter NMDS Ordination

Table C-15. Cypress Winter Trajectories
Cypress
Pre →During During→ Post 1 Post 1→ Post 2
Post 2→ Post 3
Winter
HU 3-C
O



HU 4
O



HU 21




HU 31



→
Each → = around 0.025 movement. 0 = no discernable movement
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Figure C-28. Marsh Summer NMDS Ordination
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Table C-16. Marsh Summer Trajectories
Marsh
Pre→ During
During→ Post 1
Post 1→ Post 2
Summer
HU 2,3 M
O

→
HU 3-M
O
→→

HU 7
O
→→

HU 8
O


HU 10
→


HU 11
O

→
Each → = around 0.01 movement. 0 = no discernable movement
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Figure C-29. Marsh Winter NMDS Ordination
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Table C-17. Marsh Winter Trajectories
Marsh
Pre→ During During→ Post 1
Post 1→ Post 2
Winter
HU 2,3 M

→

HU 3-M
O


HU 7
O


HU 8
O


HU 10

→→→

HU 11



Each → = around 0.01 movement. 0 = no discernable movement
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APPENDIX D. STATISTICAL ANALYSIS
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Table D-18. Landscape level dissimilarity and homogeneity analysis among all wetland
communities by wetland type in summer and winter
All Wetland Communities
Class means and Pairwise tests
Summer
Winter
MRPP Mean Dissimilarity
MRPP Mean Dissimilarity

Season

(significance of delta)

Wetland

(significance of delta)

Bayhead

Cypress

Marsh

Bayhead

Cypress

Marsh

828

882

1019

490

539

558

Pairwise test for homogeneity of
multivariate dispersions (p-value)
Wetland
Bayhead
Cypress
Marsh

Bayhead
0.53
0.04*

Cypress

Marsh

0.54

0.046*
0.196

0.167

Pairwise test for homogeneity of
multivariate dispersions (p-value)
Bayhead
0.50
0.037*

Cypress

Marsh

0.50

0.036*
0.40

0.40

Table D-19. Community level dissimilarity and homogeneity analysis of bayhead by time period
in summer
Summer Bayhead Time Periods
MRPP Mean Dissimilarity (significance of delta)
Time Period
Bayhead
Pre 1985-1992
During 1993-1996
Post 1997-2004
Post 2005-2012
Post 2013-2019

Pre
During
Post
Post
Post
1985-1992 1993-1996 1997-2004 2005-2012 2013-2019
840
680
1013
813
677
Pairwise test for homogeneity of multivariate dispersions (p-value)
0.94
0.22
0.60
0.85
0.92
0.48
0.78
0.85
0.20
0.41
0.72
0.23
0.56
0.73
0.69
0.57
0.83
0.82
0.51
0.51
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Table D-20. Community level dissimilarity and homogeneity analysis of cypress by time period
in summer
Summer Cypress Time Periods

Time Period
Cypress
Pre 1985-1992
During 1993-1996
Post 1997-2004
Post 2005-2012
Post 2013-2019

MRPP Mean Dissimilarity (significance of delta)
Pre
During
Post
Post
Post
1985-1992
1993-1996 1997-2004 2005-2012 2013-2019
770
825
1016
937
763
Pairwise test for homogeneity of multivariate dispersions (p-value)
0.94
0.22
0.60
0.85
0.92
0.48
0.78
0.85
0.20
0.41
0.72
0.23
0.56
0.73
0.69
0.57
0.83
0.82
0.51
0.51

Table D-21. Community level dissimilarity and homogeneity analysis of bayhead by patch in
summer and winter
Bayhead Patches
Season

Summer
MRPP Mean Dissimilarity

Winter
MRPP Mean Dissimilarity

Patches
Bayhead

HU 2 HU 3-B
HU 5
HU 6
634
908
646
903
Pairwise test for homogeneity of
multivariate dispersions (p-value)
HU 2 HU 3-B
HU 5
HU 6
0.41
0.84
0.04*
0.35
0.46
0.87
0.79
0.40
0.06
0.05
0.82
0.06

(significance of delta)

Patches
HU 2
HU 3-B
HU 5
HU 6

(significance of delta)

104

HU 2
HU 3-B
HU 5
HU 6
642
914
644
906
Pairwise test for homogeneity of
multivariate dispersions (p-value)
HU 2
HU 3-B
HU 5
HU 6
0.41
0.92
0.04*
0.36
0.4
0.87
0.88
0.38
0.042
0.06
0.835
0.053

Table D-22. Community level dissimilarity and homogeneity analysis of marsh by patch in
summer and winter
Marsh Patches
Seaso
n

HU

HU
HU
2,3-M
HU
3-M
HU 7
HU 8
HU
10
HU
11

Summer

Winter

MRPP Mean Dissimilarity

MRPP Mean Dissimilarity

(significance of delta)

(significance of delta)

HU
2,3-M

HU
3-M

HU HU
10
11
107
994 1167 990 800
869
6
Pairwise test for homogeneity of
multivariate dispersions (p-value)
HU
HU HU HU HU HU
2,3-M 3-M
7
8
10
11
0.46
0.45

HU
7

HU
8

HU
2,3-M

HU 3M

HU 7

HU 8

HU
10

HU 11

574

639

444

393

439

475

Pairwise test for homogeneity of multivariate
dispersions (p-value)
HU
HU
HU
HU 7 HU 8
HU 11
2,3-M
3-M
10

0.85

0.29

0.62

0.53

0.39

0.1

0.78

0.18

0.56

0.43

0.51

0.72

0.023*

0.01*

0.12

0.64

0.0009*

0.0006*

0.45

0.22

0.013*

0.007*

0.94

0.32

0.064

0.03*

0.51

0.10

0.84

0.39

0.29

0.098

0.45

0.59

0.79

0.50

0.13

0.51

0.17

0.71

0.63

0.23

0.54

0.018*

0.001*

0.013

0.075

0.006*

0.001*

0.004*

0.032*

0.46

0.94

0.50

0.32

0.11
0.52

0.50

Table D-23. Patch level dissimilarity and homogeneity analysis of bayhead HU 5 by time period
in winter
Winter Bayhead HU 5 Time Periods

Time Periods
Bayhead HU 5
Pre 1985-1992
During 19931996
Post 1997-2004
Post 2005-2012
Post 2013-2019

MRPP Mean Dissimilarity (significance of delta)
Pre
During
Post
Post
Post
1985-1992
1993-1996
1997-2004
2005-2012
2013-2019
0.24
0.22
0.13
0.2
0.19
Pairwise test for homogeneity of multivariate dispersions (p-value)
0.52
0.049*
0.46
0.40
0.52
0.057
0.48
0.40

0.32
0.32
1.0
0.90

0.30
0.40
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1.0

0.89

0.31

0.42
0.88

0.88

Table D-24. Patch level dissimilarity and homogeneity analysis of bayhead HU 6 by time period
in summer
Summer Bayhead HU 6 Time Periods

Time Periods
Bayhead HU 6
Pre 1985-1992
During 1993-1996
Post 1997-2004
Post 2005-2012
Post 2013-2019

MRPP Mean Dissimilarity (significance of delta)
Pre
During
Post
Post
Post
1985-1992 1993-1996 1997-2004
2005-2012
2013-2019
0.21
0.12
0.16
0.29
0.14
Pairwise test for homogeneity of multivariate dispersions (p-value)
0.054
0.12
0.91
0.073
0.06
0.43
0.13
0.51
0.11
0.39
0.22
0.80
0.89
0.16
0.19
0.16
0.080
0.48
0.78
0.16

Table D-25. Patch level dissimilarity and homogeneity analysis of marsh HU 10 by time period
in winter
Winter Marsh HU 10 Time Periods
MRPP Mean Dissimilarity (significance of delta)
Time Periods
Marsh HU 10
Pre 1985-1992
During 1993-2000
Post 2001-2009
Post 2010-2019

Pre 1985-1992 During 1993-2000 Post 2001-2009
Post 2010-2019
0.29
0.21
0.34
0.27
Pairwise test for homogeneity of multivariate dispersions (p-value)
0.16
0.63
0.83
0.17
0.20
0.24
0.61
0.20
0.51
0.80
0.23
0.50
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APPENDIX E. CLIMATE DATA
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Figure E-30. Average Annual Precipitation 1980-2017 (Source: Florida Climate Center)

Figure E-31. Average Annual Temperature 1980-2017 (Source: Florida Climate Center)
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Figure E-32. Total Annual Precipitation 1980-2017 (Source: Florida Climate Center)

Figure E-33. Annual Maximum Temperature 1980-2017 (Source: Florida Climate Center)

110

Figure E-34. Annual Minimum Temperature 1980-2017 (Source: Florida Climate Center)
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